Introduction [7] . Interest has emerged in inhibitors of calpains as possible therapeutics, but it remains unclear if particular calpains may serve as optimal targets for different cancers or if biomarkers may indicate which patients may benefit most from inhibitor treatment [8] . Cancers driven by inflammation, such as colorectal cancer, may rely on calpain enzymes for disease progression [9, 10] . The functions of calpain enzymes in colorectal cancer have mainly focused on cell motility due to the role these proteolytic enzymes play in modulating the cytoskeletal machinery. For example, enhanced migration of human HCT116 colon cancer cells through EGF stimulation depended on calpain activity [11] . In these same cells, calpain cleavage of focal adhesion kinase (FAK) was crucial for efficient cell motility [9] . Similarly, calpain inhibition negatively regulated the actions of Cten, which is a member of the Tensin that induces cell motility [12] . These studies relied on pan calpain inhibitors that maximize inhibitory effects, but this may not be optimal for antitumor therapy. For example, a study in rats found that intact calpain-9 activity may be important for drug-induced apoptosis of colorectal cancer cells [13] . In fact, calpain activity has been shown to actually promote cell survival through β-catenin/Wnt signaling during development [14] , and cancers may exploit these antiapoptotic pathways for survival as well. Thus, a better understanding of how inhibition of particular calpain family members may interfere with colorectal cancer cell progression is needed for better development of therapies.
Studies in our laboratory have focused on calpain-2 mainly due to its role in promoting the activation of macrophages and inflammation derived from secretion of cytokines, and the important role for increased calpastatin in limiting calpain-2 during inflammatory bowel disease [15, 16] . This led our laboratory to investigate the effects of calpain-2 inhibitor therapy using a mouse model of colitis and associated colorectal cancer induced by azoxymethane and dextran sulfate sodium. Using a small molecule inhibitor of calpain-2, we found that both colitis and colorectal cancer were reduced with calpain-2 inhibitor treatment [17] . This effect was mediated through the inhibition of calpain-2 cleavage of IκB that in turn reduced nuclear translocation of NF-κB. However, it was not clear whether the reduction in colorectal cancer was due mainly to lower inflammation required for growth of the tumors or if there were direct antigrowth effects on the colon tumors themselves. Interestingly, high levels of calpain-2 have been shown to play a role in chemotherapeuticresistant colorectal cancer through mechanisms involving NF-κB activation [18] . In order to determine how calpain-2 inhibition directly affects human colon cancer cells, we carried out experiments described herein using NCI-60 validated human colon cancer cell lines to test the effects of calpain-2 inhibition on cell death, colony formation, and in vivo tumor progression. In vitro and In vivo results showed that the effects found on different colon cancer cell lines corresponded to calpain-2 levels in these cells.
Materials and Methods

Mice, cells, and reagents
Male athymic nude (nu/nu) mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and housed in microisolator cages under specific pathogen-free conditions. At 8 weeks of age, mice were used for experiments and all animal protocols were approved by the University of Hawaii Institutional Animal Care and Use Committee. NCI-60 cell lines were obtained from the University of Hawaii Cancer Center that included four human mesothelioma cell lines (HMESO, ROB, Mill, and REN) and five human colorectal cancer cell lines (HCC2998, COLO205, HCT116, HT29, HCT15, and KM12). Cells were tested for mycoplasma using PCR (Sigma) and used in early passage (<10). Cells were cultured in RPMI media with 10% fetal bovine serum and 1% antibiotic-antimycotic solution (all from Gibco/Thermo Fisher Scientific). For in vivo experiments, HCC2998, HCT116, and HCT15 stable cell lines expressing luciferase were generated using a piggyBac plasmid as described previously [19] . The calpain-2 inhibitor, zLLY-CH2F, was purchased from EMD Millipore (Life Science) and used at 20 μg/mL final concentration in cell culture experiments and 0.75 mg/kg in mice as described previously [17] . Propidium iodide was purchased from Thermo Fisher and stock solutions were made at 1 mg/mL in water. Antibodies used included anti-calpain-2 and anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA), anti-calpastatin (Cell Signaling, Danvers, MA), and anti-calpain-1 (Millipore, Billerica, MA). Raji nuclear extracts (Active Motif, Inc., Carlsbad, CA) were used as a positive control in electrophoretic mobility shift assays (EMSA). Agar for colony formation assays was purchased from VWR. A calpain activity assay kit (Abcam, Cambridge, MA) was used as described previously [15] .
In vivo colorectal cancer assay
An intrarectal injection model was carried out for colon cancer as described previously [20] . For these experiments, we harvested each stable luciferase-transfected cell line at ~70% confluency and generated cell suspensions (10 6 cells in 100 μL PBS) that were injected into the submucosa of protracted rectum of anesthetized mice. This was carried out with the use of a dissection microscope and a small tube inserted into the rectum to provide an opening and allow visualization of the injection site. Mice were intraperitoneally (i.p.) injected daily with either vehicle control (DMSO) or 0.75 mg/kg calpain inhibitor, which was previously shown to be the optimal dosage that inhibited calpain-2 in colons of mice [17] . To assess tumors containing luciferase-positive cells in vivo, bioluminescent signals from luciferase-positive tumor cells were monitored using the IVIS Lumina (Perkin Elmer, Waltham, MA, USA). Luciferase signals were quantified as total photon counts using Living ImageTM software Hopkinton, MA. Mice were monitored for morbidity indicated by extreme fatigue, poor grooming, or strained motility. In separate experiments, the same transplantation and inhibitor therapy protocols were followed, but instead of conducting luciferase activity measurements the mice were sacrificed at 4 weeks of age, perianal tissues excised, and histochemical analyses of hematoxylin and eosin (H&E) staining. Examination of H&E slides were performed by a pathologist. When poor health reached significant levels due to tumor growth, mice were euthanized and time spent on protocol recorded for survival analyses.
Soft agar assays
Human colon cancer cell lines were cultured in agar for 21 days and the media was changed biweekly with either 1 mL of culture media containing either calpain-2 inhibitor (20 μg/mL) or the same volume of vehicle (DMSO). The soft agar consisted of two different layers, each of which contained 1% agar. The agar was boiled and cooled down by adding an equal volume of 2X RPMI containing 20% of FBS to the agar to give a final concentration of 0.5% agar, 1X RPMI, and 10% FBS. A total volume of 1.5 mL of the mixture was added to each well of a 6-well plate and was set aside for 30 min to solidify. During solidification, the top agar layer was prepared by repeating the same procedure as above. Before adding the mixture to the wells, a total number of 10 4 cells per well were added and mixed gently. The agar containing cells were added to the top of the base layer and allowed to solidify for another 30 min. Cells were fed with 1 mL of either RPMI containing DMSO vehicle or 20 μg/mL of calpain-2 inhibitor. A change of medium was performed twice per week for a period of 21 days. Colonies were stained by adding a total amount of 500 μL of 0.005% crystal violet for 1 h. After incubation, the staining solution was removed and the stained colonies were counted.
Cell death assays
Cells were seeded in quadruplicate at 10 4 cells per well in a sterile 96-well plate for each condition and then allowed to recover for 18 h. Cells were either treated with 20 μg/mL calpain-2 inhibitor or an equal volume of vehicle DMSO as a control for 14 h. Cells were spun down at 300g for 3 min and media removed, the cells were washed once with 200 μL PBS and resuspended in PBS. From a stock solution of propidium iodide (1.0 mg/mL) a working solution (0.1 mg/mL) was added at 1:100 for a final concentration of 1 μg/mL. Cells were then transferred to flow cytometry tubes and analyzed by a FACScaliber (BD Biosciences) and data analyzed using FlowJo software Ashland, OR for propidium iodide-positive cells.
Western blots and EMSA
Western blotting methods were performed as described previously [21] , and bands were visualized using a Li-Cor Odyssey Lincoln, NE. Densitometry was used to analyze band intensity using ImageJ. The EMSA were performed on cell nuclear lysates using oligonucleotides end labeled with IR700 dye (Licor, Inc., Lincoln, NE) as described previously [17] .
Statistical analyses
Comparison of means for two groups (e.g., control vs. inhibitor) was carried out using an unpaired Student's t test using GraphPad Prism version 4.0. In assays involving three or more groups (e.g., three cell lines) a one-way ANOVA was used to with Tukey's posttest used to compare means of each group. All comparisons were considered significant at P < 0.05. GraphPad Prism was also used to generate Kaplan-Meier survival curves and data analyzed with a log-rank Mantel-Cox test with significance considered at P < 0.05.
Results
Calpain-2 inhibitor exhibits biostatic effects on colon cancer cells
Calpain inhibitor studies have mainly used pan calpain inhibitors and focused on migration scratch assays. However, we were interested in specifically inhibiting calpain-2 and a more comprehensive analyses of its cytotoxic and biostatic effects on colon cancer cells. Thus, we evaluated a panel of NCI-60 human colon cancer cell lines treated with vehicle control (DMSO) or calpain-2 inhibitor using propidium iodide staining and soft agar colony assays. The cell lines tested included HCC2998, Colo205, HCT116, HCT15, and KM12 colon cancer cell lines and the dose of calpain-2 was used shown previously to be effective and specific [15, 17] . We found that 4 of 5 cell lines exhibited increased cell death compared to controls as indicated by propidium iodide staining (Fig. 1A) . In colony formation assays, all of the five cell (Fig. 1B) . Together, these data suggest that calpain-2 inhibitor treatment induces cytotoxicity in most human colorectal cancer cell lines and was effective in inhibiting anchorage-independent growth of cells for all cell lines tested.
Calpain-2 levels vary in different cancer cell lines
We tested lysates from the five colon cancer cell lines described above for levels of calpain-2. For comparison, we included four NCI-60 mesothelioma cell lysates in the western blot analysis. Results indicated that calpain-2 is expressed in all cell lines with some variation in levels ( Fig. 2A) . We also examined total calpain activity as well as levels of calpain-1 and calpastatin (Figs. S1 and S2). Since calpain-2 was most consistently expressed and exhibited interesting patterns of increasing levels in certain colon cancer cell lines, we next focused on three colon cancer cell lines that showed different levels of calpain-2: HCT15 (low), HCC2998 (medium), and HCT116 (high). Three independent western blots were carried out showing that these cell lines had increasing levels of calpain-2, with HCT116 cells exhibiting significantly higher levels ( Fig. 2B and C) .
It has been previously shown that inhibition of calpain-2 can decrease IκB degradation leading to less NF-κB translocation to the nucleus in some cells and this has implications in colorectal cancer [17, 18] . To evaluate if HCT15, HCC2998, and HCT116 colon cancer cell lines responded differently to calpain-2 inhibitor treatment in terms of NF-κB nuclear localization, we carried out an EMSA. As shown in Figure 3 , HCT116 showed the strongest response to calpain-2 inhibitor treatment. This was evident by the presence of nuclear NF-κB bound to probe in untreated cells that was greatly reduced by calpain-2 inhibitor treatment. Nuclear NF-κB bound to probe in HCC2998 cells was slightly reduced by calpain-2 inhibition, but there still remained large amounts of nuclear NF-κB. HCT15 cells did not have large amounts of detectable nuclear NF-κB and inhibitor treatment did not affect these levels. The inhibitor treatment experiments followed by EMSA were repeated (N = 3) and densitometry of bound to unbound ratios was performed, showing that HT116 cells consistently exhibited the strongest response to calpain-2 inhibitor treatment. These results correlate with those found for each cell line described above in that HCT116 has the highest levels of calpain-2 and is most sensitive to the inhibitor of this enzyme.
Calpain-2 inhibitor inhibits HCT116 tumor growth and increases survival
To determine if in vivo growth of the three colon cancer cell lines described above was affected by calpain-2 inhibitor therapy, we utilized an intrarectal transplant model described previously [20] . In brief, 10 6 cells stably transfected with luciferase were injected into the submucosa of protracted rectums in nude (nu/nu) mice. Mice were then treated daily with either vehicle control (DMSO) or calpain-2 inhibitor at a previously optimized dose [17] , and in vivo luciferase activity was measured weekly to monitor tumor growth (Fig. 4) . The luciferase images suggest that the tumors injected into submucosal of distal colons spread by invading adjacent tissues, and this was confirmed by histological examination of H&E-stained tissues (Fig. S3) . In the vehicle control-treated mice, all three cell lines produced tumors that progressed over a 5-week period, but calpain-2 inhibitor therapy effectively inhibited tumor growth only for HCT116 cells (Fig. 5A) . The mice injected with HCC2998 cells had a slight reduction in tumor growth with calpain-2 inhibitor treatment during weeks 3 and 4, but no significant differences were detected by week 5. Consistent with these results, calpain-2 inhibitor increased survival only in the mice injected with HCT116 cells (Fig. 5B) .
Discussion
The findings presented herein show a correlation between levels of calpain-2 and effectiveness of calpain-2 therapy for treating colon cancer. With the development of precision medicine, it is likely that information gathered on patient biopsy or resection samples will need to be utilized for guiding decisions on how responsive colon cancer cases will be to calpain-2 inhibitors. This is highlighted by studies showing that expression of calpain-1 and -2 along with calpastatin can vary within cohorts of cancer patients and these data may be used to predict disease progression or survival [22, 23] . While calpain-1 and calpastatin levels varied widely in the cancer cell lines we examined in this study, calpain-2 levels were consistently detected and showed interesting patterns of low, moderate, and high expression. For human samples, new techniques have been developed to accurately analyze calpain-2 levels [24] , which may be utilized if calpain-2 inhibitor therapy becomes approved for colorectal cancer patients. In fact, there is an emerging interest in better developing the discipline of "degradomics" for assessing proteases/substrates along with breakdown products as biomarkers for cancer and other diseases [25] . Calpains have been suggested to be important elements of degradomics [24] , and our data provide support for this notion by showing how calpain-2 levels may predict response to calpain-2 inhibitor therapy.
Our data showing increased calpain-2 in HCT116 cells is important given the interesting data from previous studies suggesting that calpain-2 is important for drug resistance in colorectal cancer. In particular, CPT-11 (irinotecan) is the first-line chemotherapy for advanced stage colorectal cancer and many patients develop resistance after several courses of treatment [26] . The causative factors involved in this resistance are complex, use of xenograft of HT-29 human colon cancer cells in nude mice treated with this chemotherapeutic led to resistant tumors (HT-29) that had upregulated calpain-2 [18] . Moreover, upregulated calpain-2 was directly related to overactive, direct cleavage of IκB leading to increased NF-κB in the HT-29R cells. The authors of this study suggested that calpain 2-dependent IκB degradation mediates CPT-11 secondary resistance in colorectal cancer xenografts. Thus, targeted therapies directed against calpain 2 may represent a novel strategy to enhance the anticancer efficacy of CPT-11 chemotherapy. Our data suggest that this may be true since only those colon cancer cell expressing high levels of calpain-2 will be impacted by calpain-2 inhibitor therapy.
In order for higher levels of calpain-2 to exert protumor effects, there is a need for this enzyme to bind to calcium within the cell in order to become activated. During transformation of healthy cells to colorectal cancer cells, calcium homeostasis and signaling are altered in a process referred to as calcium remodeling [27] . In fact, several different types of cancer demonstrate altered intracellular calcium homeostasis that is involved in tumor initiation, angiogenesis, progression, and metastasis [28] . This has led to an emerging effort to develop calcium chelators, inhibitors or regulators for calcium channels/ transporters, or modulators of calcium-ATPase pumps as anticancer drugs. However, it has been noted that there is heterogeneity in calcium handling machinery in different types of cancers [29] , and this may limit a broad application of chemotherapeutics that target storeoperated calcium entry in cancers [30] . Our data along with others suggest that calpain-2 may be an effective target for some cases of colorectal cancer [17, 18] . Screening tumor biopsy samples or surgical resections for levels of calpain-2 is a novel approach for adding a level of precision medicine to the treatment of colon cancer. The results of the present findings suggest that levels of calpain-2 may serve as an effective biomarker for predicting successful cancer-static effects of calpain-2 inhibitor therapy.
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Supporting Information
Additional supporting information may be found in the online version of this article: Figure S1 . Total calpain activity normalized to total protein was measured for the different cell lines (10 7 cells) and graphed from highest to lowest. Figure S2 . Western blot analyses of calpain-1, calpain-2, and calpastatin were carried out for colon cancer cell lines (red) and mesothelioma cell lines. Calpain-2 was found to be most consistently expressed, and interesting patterns were apparent such as cell lines expressing low (Hct15), moderate (HCC2998), and high (HCT116) levels of this enzyme. Figure S3 . Tissues from perianal area of mice were excised and 10% formalin-fixed tissues sectioned and stained with hematoxylin and eosin (H&E).
